Synchronized state of activity and rest might be attained by mechanisms of entrainment and masking. Most zeitgebers not only act to entrain but also to mask circadian rhythms. Although the light-dark (LD) cycle is the main zeitgeber of circadian rhythms in marmosets, social cues can act as weaker zeitgebers. Evidence on the effects of social entrainment in marmosets has been collected in isolated animals or in pairs where activity is not individually recorded. To characterize the synchronization between the daily activity profiles of individuals in groups under LD conditions, the motor activity of animals from five groups was continuously monitored using actiwatches for 15 days during the 5th, 8th, and 11th months of life of juveniles. Families consisting of twins (4 <,/1 <<) and their parents were maintained under controlled lighting (LD 12:12 h), temperature, and humidity conditions. Synchronization was evaluated through the synchrony between the circadian activity profiles obtained from the Pearson correlation index between possible pairs of activity profiles in the light and dark phases. We also calculated the phase-angle differences between the activity onset of one animal in relation to the activity onset of each animal in the group ( on ). A similar procedure was performed for activity offset ( off ). By visual analysis, the correlation between the activity profiles of individuals within each family was stronger than that of individuals from different families. A mixed-model analysis showed that within the group, the correlation was stronger between twins than between twins and their parents in all families, except for the family in which both juveniles were males. Because a twin is an important social partner for juveniles, a sibling is likely to have a stronger influence on its twin's activity rhythm than other family members. Considering only the light phase, the second strongest correlation was observed between the activity profiles of the individuals in the reproductive pair. Regarding the parameters on and off , the juvenile/juvenile dyad had lower values than the other dyads, but these differences did not reach statistical significance in relation to all dyads. Comparing the results of the on and off , and correlation indices, we suggest that the latter could detect differences between the animals that were not observed in the results of the phase-angle differences. These differences could be related to changes that occur during the active phase but not only in a particular phase, such as the temporal changes during the activity phase that characterize unimodal or bimodal patterns. Based on the differences in the correlations between individuals subjected to the same LD routine, we suggest that social cues modulate the circadian activity profiles of marmosets as a result of interactions between the animals within each group. Future studies are necessary to characterize the mechanisms of synchronization that are involved in this social modulation. (Author correspondence: carolina@cb.ufrn.br) 
INTRODUCTION
The synchronized state of activity and rest of animals to day and night might be attained by mechanisms of entrainment and masking (Mrosovsky, 1999) . In an entrainment process, temporal cues act on endogenous oscillators, adjusting the period and phase. In masking, temporal cues act directly on overt rhythm, promoting reactive and fast responses (Aschoff, 1999; Mrosovsky, 1999) . The majority of time cues (zeitgebers) not only act to entrain but also to mask circadian rhythms (Aschoff, 1999) . These two processes contribute to temporal adaptation, i.e., entrainment favors the anticipation to cyclical environmental conditions and masking acts as a fine-tuning of the responses to these conditions (Golombek & Rosenstein, 2010; Marques & Waterhouse, 1994; Mrosovsky, 1999) .
The strongest zeitgeber for most rhythms in mammals is the light-dark (LD) cycle. However, the rhythms of some species can also be adjusted by other zeitgebers, such as cycles of food availability (Stephan, 2002) , temperature (Aschoff & Tokura, 1986; Palkova et al., 1999) , and social cues (Favreau et al., 2009; Mistlberger & Skene, 2004) . Under natural conditions, social cues have a significant influence on species that inhabit environments with limited access to LD cycles, including bats living in caves (Marimuthu et al., 1981) and root voles under winter snow (Korslund, 2006) . Moreover, for species living under the influence of a natural LD cycle, this influence is observed in the initial phases of development, where cycles of the mother's presence and absence can entrain the activity and resting cycles of the pups of rabbits (Jilge, 1993) , hamsters (Duffield & Ebling, 1998) , and mice (Viswanathan & Chandrashekaran, 1985) .
The effects of social cues on rhythms in primates that exhibit complex social organization are poorly understood (Mistlberger & Skene, 2004) . The few existing studies indicate that the free-running circadian activity rhythms of squirrel monkeys (Saimiri sciureus) are not entrained by a donor synchronized to the LD cycle (Sulzman et al., 1977) . In marmosets, another diurnal primate, social cues are considered a weaker zeitgeber than the LD cycle, given that sound-based contact only entrained circadian motor activity rhythms among family members (Erkert & Schardt, 1991) . Furthermore, in a previous study, Erkert et al. (1986) observed social masking, pseudo-splitting, and relative coordination of circadian activity rhythms by social cues. Investigations conducted in our laboratory found that under constant light, the circadian activity rhythm of marmosets showed relative coordination with the natural LD cycle, possibly in response to the vocalizations of conspecifics maintained in captivity outside the laboratory (Gonçalves et al., 2009; Silva, 2007) .
Although in natural environments animals are subjected to photic, temperature, and social factors simultaneously, few studies have assessed the impact of the interactions between photic and nonphotic factors on circadian rhythms (Cambras et al., 2011 , Goel & Lee, 1995 Mendes et al., 2008) . The effect of this interaction was observed in studies where the presence of a previously synchronized conspecific increased the spectral power and amplitude of the circadian temperature rhythm in Wistar rats (Cambras et al., 2011) and accelerated the resynchronization of the circadian activity rhythm to a new LD cycle in degus (Goel & Lee, 1995 and marmosets (Mendes et al., 2008) .
Several investigations have analyzed the effects of social cues on rhythm in isolated animals or in groups of animals where individual activity is not recorded (Erkert & Schardt, 1991; Goel & Lee, 1995 . However, in natural environments the adjustment of individual behavior to that of social and sexual partners is essential for group cohesion and mating (Favreau et al., 2009 ).
Thus, the study of circadian activity patterns in social conditions might contribute to the identification of factors that influence the social synchronization process. In group conditions, this can be examined through an evaluation of the synchrony between the circadian profiles of motor activity. Nevertheless, assessing this activity in groups is challenging due to difficulties in collecting individual data by actigraphy (Favreau et al., 2009 ). An alternative tool is an actimeter, which can evaluate rhythm under constant illumination and under conditions closer to those of natural environments, as seen in rhesus monkeys (Golub et al., 1996) under controlled laboratory conditions, in marmosets (Melo et al., 2010) and spider monkeys (Muñ ozDelgado et al., 2004) living under seminatural conditions, and in Madagascan lemurs (Erkert & Kappeler, 2004; Kappeler & Erkert, 2003) and owl monkeys (Erkert et al., 2012; Fernandez-Duque & Erkert, 2006) under natural conditions.
Marmosets live in groups of up to 15 individuals (Stevenson & Rylands, 1988) . Before they reach adulthood, the animals undergo three stages of development, which are defined according to their behavioral and physiological aspects (Abbott et al., 2003) . In the first stage, the infants (0-3 months), usually twins, are completely dependent and are cared for by all group members, although the mother is the primary caregiver (Yamamoto, 1993) . In the second phase, the juveniles (3-13 months) are physically independent but spend a substantial amount of time close to or in physical contact with caregivers, primarily the father (Yamamoto, 1993) . Although the twin sibling is the main partner for social activities, such as play (Yamamoto & Box, 1997) , fighting in same-sex twins is a common form of determining status differences within the group (Yamamoto, 1993) , and future-dominant animals display lower cortisol levels than their siblings (Silva, 2002) . In male dyads, agonism and androgen levels are higher in future dominants (Silva, 2002) . In the third stage, the subadults (13-18 months) have the size and appearance of adults but are still sexually immature (Abbott et al., 2003) . In the adult phase (418 months), the dominance of the reproductive pair is established (one in each group) by suppressing the behavioral and physiological aspects of subordinates (Abbott, 1984) .
Marmosets are diurnal and the active phase begins approximately 10 min before lights on until approximately 2 h before lights off under a 12:12 LD cycle (Gonçalves et al., 2009 ). This pattern is similar to that observed in field (Castro et al., 2003) and seminatural environmental conditions (Menezes et al., 1993 (Menezes et al., , 1998 . Because motor activity is modulated by other behaviors that exhibit circadian profiles, such as grooming (Azevedo et al., 2001; Menezes et al., 1994) , scent marking (Melo et al., 2005; Nogueira et al., 2001) , and proximity between animals (Sousa & Pontes, 2008) , synchrony between motor activity profiles may indicate interactive behaviors. According to King & Cowlishaw (2009) ,
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behavioral synchrony might contribute to organization of the social group by (1) improving foraging ability, given that simultaneous foraging increases the information acquired on food quality and location; (2) reducing predation risk because all group members must remain vigilant; and (3) improving the chances of mating. The behavioral synchrony of baboons living in a natural environment decreased with a higher number of fertile females and increased with a greater number of pregnant animals (King & Cowlishaw, 2009) .
The benefits of group life favor social organization in some species, including in marmosets. As such, for these species it is important to characterize the synchronization between the rhythms of individuals living in groups. This contributes to an understanding of the factors that may modulate social synchronization and the role of each individual in the synchronizing rhythms of other animals in the group. Thus, the present study aimed to characterize the synchronization of daily activity profiles between marmosets living in family groups that were maintained in an entraining LD cycle, at the beginning, middle, and end of the juvenile stages.
MATERIALS AND METHODS
The experiment was conducted using five families of marmosets consisting of juvenile twins (four male/ female dyads and one male/male) and their respective parents in the Primatology Colony of Universidade Federal do Rio Grande do Norte. The families were housed under controlled illumination, with LD 12:12 (light phase $350 lux, dark phase $8 lux; lights on: 07:00 h and lights off: 19:00 h; digital photometer MLM-1010 Minipa with data-hold function; Houston, Texas, USA), an average temperature of 27.3 AE .7 C and a relative air humidity of 58.2 AE 8.3%. Each family was housed in a cage that was visually isolated from the other cages, but acoustic and olfactory contact was permitted. Each family remained in the experimental room at different times, but in some instances three families were in the room simultaneously (Table 1 ). The differences between the times of permanence in the experimental room were due to differences in the birth dates of the juveniles. All the cages (1.0 m length Â 1.2 m width Â 1.0 m height) were placed in a room (2.77 m Â 5.70 m Â 2.95 m) and contained a nesting box (25 cm Â 30 cm Â 21 cm), perches, and plastic and wooden swings.
Water was available ad libitum, but food was only available during the light time (L). At the beginning of the L phase, the animals received a nutritional mixture (milk, cooked eggs, ground bread, and banana supplemented with vitamins A, C, E, and D). Afterwards, the food residue was removed and was replenished by fruit, shredded chicken, or sweet tropical potato according to a weekly menu. Moreover, supplements such as gum arabic, granola, sweetened condensed milk, and insects (Tenebrio molitor) were added to these portions. The nutritional mixture was introduced to the cage between 07:00 and 09:00 h and was replenished with fruit between 13:00 and 15:00 h. Between 16:30 and 18:00 h, any food that was not consumed was removed from the cage. The experiment was carried out in accordance with animal research norms of the Federal University of Rio Grande do Norte, the Brazilian Society of Neuroscience and Behavior, and international ethical standards for animal biological rhythm research (Portaluppi et al., 2010) .
Animal motor activity was monitored by actigraphy (Actiwatch model AW16; Mini Mitter, Bend, Oregon, USA; containing 16 kB of on-board memory) over 15 days during the 5th, 8th, and 11th months of life of the juveniles. The actiwatches were positioned in a plastic container on the animals' backs (Mann et al., 2005) . The plastic container with the actiwatch weighed 23 g, which corresponds to less than 10% of the juveniles' body weight. The raw data were totaled every 5 min and were transferred from the actimeter to a data file via the Actireader using the Actiware-sleep software version 3.4 (Mini Mitter).
For the purposes of this study, we consider synchronization as a state of stable phase relationship between the rhythms of the animals in a group or between the rhythm of each animal and the LD cycle that might be attained by mechanisms of entrainment and/or masking (Mrosovsky, 1999) . Synchronization between the activity profiles of the animals was evaluated using the Pearson correlations between the daily activity data of two individuals of the same family (dyad) per day. Because each family was composed of four animals, daily correlations were obtained from six dyads: juvenile 1/juvenile 2, juvenile 1/mother, juvenile 1/father, juvenile 2/mother, juvenile 2/father, and mother/father. Two calculations were performed to permit better understanding of the relationships of the animals' activity profiles for each dyad: one for L and one for D. Otherwise, analysis of the correlations of the activity profiles during the complete LD cycle would have increased the correlation values between all the animals, as their circadian rhythms were synchronized to the same cycle, making it difficult to visualize social modulations during the active phase. In addition to this analysis, we calculated the phase-angle differences between the activity onset of one animal in relation to the activity onset of each animal in the group ( on ). This parameter consisted of the absolute value of the difference between the onsets of the activity phase in the two animals of a dyad. For example, the on(mother/father) corresponds to the difference between the onsets of the activity phase of the mother and the father. A similar procedure was performed for activity offset ( off ). The activity onset and offset were calculated using the El temps (A. Díez-Noguera, Universitat de Barcelona, Barcelona, 1999) . Analysis of the correlation indexes and the phaseangle differences ( on and off ) was performed by the Center of Statistical Consulting (Consulest) at Universidade Federal do Rio Grande do Norte. A linear mixed-effects model was used to explain the variability in the correlations between animals. In the model, the correlation indexes, on and off were explained by the factors family, dyads, age, phase of the day, and day as numeric covariates, as well as their interactions (fixed effects). For the on and off analysis, the factor phase of the day was removed from the model. The covariate day was included to control for the possible effect of masking in explaining the correlation. Additionally, to address whether there was a random effect for each dyad within each family, the random effect for age and phase of day in the dyad within each family was included in the correlation index analyses. The proposed model can be expressed as
where X ij is the design matrix for the fixed effects; Z i,j and Z ij are the design matrices for the random effects; b is the vector of the coefficients associated with the covariates, and their interactions, b i , is the random effect for the dyad and b ij is the random effect for the family within each dyad; and " ij are independent error terms. The symbol N(m;
2 ) denotes a normal distribution with mean m and variance 2 . Tukey's post hoc test was applied in the presence of significant differences for all analyses (p 0.05).
RESULTS
Using visual analysis, bimodal profiles were identified in all the animals, although the bimodality was more evident in the juveniles than in the parents (Figures 1  and 2 ). For families, there was greater similarity between the profiles of the twins than among juveniles from different families, regardless of sex or age.
Additionally, correlations between the activity profiles of individuals in each family were stronger than for animals from different families (Figure 3) . It can be observed that juveniles show stronger correlations with their twins than with individuals of the same age and sex from a different family.
The dyad juvenile/juvenile showed the strongest correlation across all of the families, with exception of family 1 (F (20,0) ¼ 2.53, p40.05) (Tukey, p50.05; Figures  4 and 5) . In the same manner, on and off showed smaller values in all the families, but these differences were only observed in family 5 for on(juvenile/juvenile) in relation to on(juvenile 1/father) , on(juvenile 2/father) , and on(mother/father) and in family 1 for off(juvenile/juvenile) in relation to off(juvenile 1/mother) and off(juvenile 2/mother) ( on : F (20,0) ¼ 0.67, p40.05; off : F (20,0) ¼ 0.39, p40.05) (Tukey, p50.05).
In spite of the interaction between family, dyad and age in the analysis of the correlation indexes (F (40, 2030) Despite the absence of interaction between families, dyads, and phase of LD cycle (F (20,2030) ¼ 0.77, p40.05), the juvenile/juvenile correlation was stronger than those of the other dyads only in the L phase (Tukey, p50.05; Figure 4 ), without differences in relation to the correlation of mother/father dyad in all families, except in family 2 (Tukey, p50.05). In L phase, the mother/father dyad showed the second strongest correlation (Tukey, p50.05). In D phase, the correlations of all dyads were similar (Tukey, p40.05; Figures 4 and 5) .
With regards to the LD cycle, the correlations were greater in the D phase for all the families (F (4,2030) ¼ 3.67, p50.01; Figure 5 ). However, when age was included in the analyzed factors (F (8,2030) ¼ 20.54, p50.01), the correlations during darkness were only stronger than those of the L phase in the 8th and 11th months in four families (Tukey, p50.05; Figure 5 ). In addition, when assessing the interactions between the factors of family, LD cycle phase and dyad (F (20,2030) ¼ 0.77, p40.05), the correlations were greatest in the D phase in the juvenile 2/father dyads in the five families and in the juvenile 1/father for four families (Tukey, p50.05; Figure 5 ).
When comparing dyad correlations for all ages in the L and D phases (F (10,2030) ¼ 2.74, p50.01), the correlations for the juvenile/juvenile dyad were greater in the light phase for all ages, whereas in the dark phase this difference was only observed in the 5th month (Tukey, p50.05; Figure 3) . 
DISCUSSION
Although the animals were subjected to the same LD cycle, significant differences in the synchronization between the family profiles were more evident in the
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light phase than in the dark phase. Additionally, by visual analysis, the synchrony was stronger between the activity profiles of individuals from the same family than of those from different families. Thus, we suggest that the dynamic of social interactions between family members can modulate the synchronization between profiles. The strongest synchrony between the profiles of different families in the dark phase may be related to the resting behavior of the animals, which occurs predominantly during darkness for this species (Gonçalves et al., 2009; Menezes et al., 1993 Menezes et al., , 1998 . This behavioral state favors increased recordings of zero activity levels in the animals, which can contribute to apparent synchrony between all animals, regardless of the social dynamics of each family.
In a natural environment, the LD cycle and social cues contribute to the synchronization of rhythms with the environment. However, many studies do not evaluate the interaction between social and photic cues in the expression of circadian activity rhythms (Mistlberger & 
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Skene, 2004). The observation of the impact of interactions between photic and social cues on rhythms in LD conditions, as seen in the present study, contributes to the identification of factors related to social interactions, such as sex, age, hierarchical status, and newborn offspring, that influence this mechanism. With respect to the intragroup interactions, the strongest correlations between the activity profiles and the smallest values of on and off were recorded in the juvenile/juvenile dyads, indicating that the motor activity profiles among juveniles are modulated by those of their siblings during the light phase. This is an interesting result, as marmosets typically produce twin offspring (Abbott et al., 1997; Yamamoto, 1993 ) and the sibling is a partner in activities, such as social play, thereby increasing social interaction (Albuquerque & Arruda, 1997; Yamamoto, 1993; Yamamoto & Box, 1997) . Previous studies have found that among twin offspring, siblings spend more time together and away from their parents, whereas in the case of single offspring, the juvenile participates more in caregiving, thereby increasing social interaction opportunities within the group (Ingram, 1977; Yamamoto & Box, 1997) . Moreover, the presence of several twin offspring within a group, as observed in marmosets, enables the coexistence of animals of the same age, helping to reduce dispersion and improve social synchrony, thereby facilitating life in group. As the correlation between activity profiles is stronger between twins, one might be tempted to associate this synchrony to genetic characteristics. To the extent that the endogenous period of the rhythm depends on the expression of genes in the oscillators, genetic similarities between the twins may be reflected in period expression. When oscillators are entrained by temporal cues, similarities in the period become visible through phase relationships with the environment (Aschoff, 1979; Roenneberg et al., 2003) . In this sense, it has been observed that the chronotype of humans, characterized by differences in preferred schedules for sleep and wakefulness, is influenced by an endogenous period that has a genetic basis (Roenneberg et al., 2003) .
Even though genetic similarity influences the strong synchrony between twins, this factor most likely does not act in isolation, as was observed in other interactions in which strong correlations were found between unrelated individuals, such as between father and mother, the pair that had the second strongest correlation in the groups. Because this species has only one reproductive pair in the group (Arruda et al., 2005) , synchronization between the pair may be a result of their proximity and increases the chances of reproduction.
In addition to genetic characteristics, another factor that could influence the correlations is the age of the animals, i.e., the animals may undergo changes in the expression of their rhythms that are related to ontogenetic changes. However, the correlations were weak between the profiles of juveniles of the same age and sex from different families. Therefore, although genetic and ontogenetic factors may influence the synchrony observed in this study, we suggest that social cues inherent to each family play an important role in the process. Additional studies are needed to evaluate the effects of genetic, ontogenetic, and social factors on social synchronization in this species.
In relation to the mechanisms involved in social synchronization, the periodic contact between conspecifics is a temporal cue that has been shown to entrain circadian rhythms in bats (Marimuthu et al., 1981) , dogs (Bovet & Oertli, 1974) , and root voles (Korslund, 2006) . However, these cues did not entrain the circadian rhythms of squirrel monkeys (Sulzman, 1977) or hamsters (Davis et al., 1987) . Although it is possible to speculate that social cues promote entrainment in species with complex social organization, including primates, few studies have been conducted in these animals. In marmosets, sound contact promoted positive masking (Erkert & Schardt, 1991; Erkert et al., 1986) and relative coordination (Erkert et al., 1986; Gonçalves et al., 2009; Silva, 2007) between the circadian activity rhythms of unrelated animals, such as reproductive pairs, whereas full entrainment was observed only between parents and daughters (Erkert & Schardt, 1991) . In addition to kinship as important factor, it was observed that isolated social cues, such as acoustic and visual contacts, did not promote entrainment of the circadian rhythm of motor activity in a pair of animals that had lived together for several years. Indeed, entrainment occurred only after full social contact when the animals began to live in the same cage. These results indicate that isolated social cues may not be strong enough to promote entrainment and that a set of social cues, including physical contact, may be required to promote full entrainment of the circadian timing system (Silva, 2007) .
Despite the evidence of social modulation on the profiles of motor activity observed in this study, it is not possible to identify whether social cues act in synchronization by mechanisms of masking, entrainment, or both. The interactions between day and age, as well as between day and phase of day, in the analysis of correlation may be due to the masking effects of social interactions on the activity profiles that are modulated by social interactions. However, this is most likely not the only or strongest effect because the factor day did not show statistical significance. Although identification of the mechanisms of synchronization by social cues cannot be concluded by the experimental design of this study, we suggest that, in natural conditions, the interactions between photic and social factors may be complementary to the adaptation of an organism to the environment. In that manner, photic cues would act to promote strong entrainment to the light-dark cycle, whereas social cues would act to promote fine-tuning of the entrainment of circadian rhythms to the demands of the social dynamics of each group. Furthermore, even if social cues do not directly promote entrainment, it is possible that they modulate the expression of rhythm via masking effects. The masking effects of social interactions on animal activity could act by triggering an increase in animal exposure to light, indirectly contributing to photic entrainment, or by eliciting arousal effects that would feedback on endogenous oscillators (Mistlberger & Skene, 2004; Mrosovsky et al., 1989) . Additional studies are necessary to evaluate the mechanisms involved in the social modulation observed in this work.
In addition to characterizing the mechanisms involved in the social adjustment of activity profiles, future studies will have to identify factors related to the social dynamics of the species that act to promote social synchrony among group-living animals. Most chronobiology research addresses animals living in isolation or living in pairs but individual activity is not recorded (Goel & Lee, 1995 Erkert & Schardt, 1991) , likely owing to the methodological difficulties in individual data collection. In the present study, the use of an actiwatch allowed us to monitor motor activity in groupliving primates. Based on the activity records, social synchrony could be assessed using the correlations between the activity profiles. The results of the phaseangle differences, which are commonly used in the literature, and of the correlation analyses point in
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! Informa Healthcare USA, Inc. similar directions, but some differences were observed only in the correlation indexes. Therefore, we suggest that the correlations between the activity profiles could reveal differences in synchrony between individuals that sometimes may not be noticed when using phase-angle differences, such as changes that can occur in the active phase, but not only during a particular phase, such as temporal changes during the activity phase that characterize unimodal or bimodal patterns.
Given that analysis of the correlations between activity profiles may be a way to assess social synchronization among group-living individuals, we observed that synchrony generally varies between the profiles of individuals from different families. Within the same family, the correlations are strongest between twins. However, in the case of a same-sex twin sibling, the synchrony is weaker, possibly due to competition for social status within the group (Yamamoto, 1993) . Another relevant fact is that the second strongest correlation was recorded between the reproductive pair, which contributes to increased chances for reproduction. Thus, we suggest that social cues modulate the circadian activity profile of marmosets maintained in groups in light-dark conditions. Future studies are necessary to characterize the mechanisms of synchronization involved in this social modulation.
